1. Ecological studies commonly assume that it is possible to extrapolate from a response shown by a fixed set of species to the response when the species composition is allowed to change. However, as described by Simpson's paradox, this is not necessarily a reasonable expectation. 2. The impact of Simpson's paradox on an ecological question was tested using a metaanalysis of data on plant responses to arbuscular mycorrhizas. Although species-level response commonly declines as phosphorus availability increases, we hypothesized that the community-level response could either decline or remain constant. 3. As expected, mycorrhizal response of individual species declined significantly as P supply increased. The response averaged across multiple species was negative but not robust, so we cannot distinguish clearly between the hypotheses. 4. It is impossible to assume that community-level responses to environmental gradients are the same as those found at species level. We recommend that experimental tests of hypotheses should allow species identity to change with the environment.
Introduction
Much research in ecology addresses how the intensity or nature of processes changes along environmental gradients. However, environmental gradients often involve changes in species composition as well, potentially confounding direct effects of the environmental change with effects due to the change in species composition. For example, Peltzer, Wilson & Gerry (1998) criticized many experiments testing how competition changes along productivity gradients because they do not distinguish between changes in the standing crop of neighbours, and the accompanying change in species composition. A related, and potentially more serious problem, is the tendency to generalize from the magnitude of response to some factor by a fixed set of species, to the response shown when species composition is allowed to change.
Attempts to extrapolate from processes that affect a fixed set of species are flawed due to a statistical phenomenon known as Simpson's paradox. According to Simpson's paradox, it is impossible to determine the response of the whole based on the response of subgroups (Simpson 1951) . This issue has been almost entirely ignored in the ecological literature, although its importance has been noted in questions of productivitydiversity relationships, where relationships are affected by spatial scale (Scheiner et al. 2000) . The same holds for scaling from species to community-level responses. The response to an environmental gradient averaged over individuals of the same species will not necessarily show the same trend as response to the same gradient averaged over individuals of many species. In this paper, we illustrate the problem of Simpson's paradox, using arbuscular mycorrhizas as an example. We present two alternative hypotheses of how species responsiveness to mycorrhizas changes with phosphorus (P) availability, and distinguish between them using a meta-analysis.
Arbuscular mycorrhizal fungi (AM) are thought to increase plant nutrient uptake, largely by increasing the absorptive surface area at a lower cost to the plant than roots (Jakobsen, Abbott & Robson 1992; Marschner & Dell 1994; O'Keefe & Sylvia 1991; Schwiger, Robson & Barrow 1995 is expensive to maintain. Hence, when light rather than nutrient availability limits growth, the cost of maintaining the symbiosis may outweigh the benefit obtained from it (Graham & Eissenstat 1994; Marschner & Dell 1994) . Declining growth response to AM as P availability increases has been noted within a number of plant species (e.g. Boerner 1986; Cooper 1975; Mendoza & Pagani 1997) . This leads to the assumption that plant species found in P-rich sites are less likely than those found elsewhere to depend on AM. This, in turn, suggests that the importance of AM in structuring communities is likely to be greater at P-poor sites.
However, this is not necessarily true. Our lack of broad-scale empirical studies makes it impossible to distinguish between two alternative hypotheses of how species' responsiveness to AM changes with P availability. The first is based on the premise that, if AM are important in determining growth under nutrientlimited conditions, on average, species will be less responsive to AM as P availability increases and nutrient stress gives way to light stress (Fig. 1a) . For any individual species (Fig. 1a, bold lines) , response to AM is stronger at P-poor sites, and the average response to AM averaged across all species (Fig. 1a , dashed line) declines similarly. The second hypothesis proposes that each species undergoes an independent change in the type of resource-limiting growth as P availability changes. At the lowest level of P availability at which a particular species can establish, growth will primarily be nutrient-limited and, as P availability increases, so will the relative importance of light competition. If this is the case, each species will show a stronger response to AM in the lowest fertility areas in which it establishes, with response declining as P availability increases (Fig. 1b, bold lines) . However, averaging over all the species found at a site (Fig. 1b,  dashed line) , the degree to which species respond to AM will not necessarily decline with productivity. As a result of change in species composition along the gradient, at any point along the gradient there will be at least some species that respond strongly to AM.
Ideally, distinguishing between these two hypotheses in the field requires manipulation of the AM status of communities along a gradient of P availability. This manipulation could be done with fungicide. If community response to fungicide was stronger at low than high P availability, it would support the first hypothesis. If community-level response to fungicide was as strong at high as low P availability, it would support the second. However, there is no fungicide specific to AM fungi. As a result, it is impossible to conclude that changes in response of the community to fungicide are due solely to changes in AM dependence.
Although it is not currently possible to distinguish between these two hypotheses using a direct experimental approach, existing data on species response to AM can be used. If the degree to which species respond to AM declines with increasing P availability, AM response of species typically found at P-poor sites will be greater, on average, than those found at P-rich sites (Fig. 1a, dashed line) . Alternatively, species found at P-rich sites may be, on average, as responsive to AM as those found at P-poor sites (Fig. 1b, dashed line) . In this paper we use previously published data on AM response to distinguish between these two hypotheses.
Methods
To obtain sources, we searched Biosis between 1985 and November 1999 (when the literature search was conducted), using the keywords 'mycorrhiza' and 'growth'. In addition, we added references from our files. Although not the most systematic approach, this increased the period from which references were drawn. In addition, it increased the number of ecological studies relative to agricultural ones. From this list, we excluded research on the effects of metals and other toxins, and on non-arbuscular mycorrhizal symbioses. We also excluded research that used units of P which could not be converted to mg P kg −1 soil; which did not give a biomass measure of AM response; or where no non-mycorrhizal control was established. We rejected studies that had P availability greater than 30 mg kg −1 , as the few studies performed at high P levels could bias the community trend. Other than for these reasons, no study was excluded on the grounds of perceived quality, as such subjective decisions have been shown by Englund, Sarnelle & Cooper (1999) to potentially bias results.
From these articles we recorded the species; P level; and biomass with and without AM. In addition, we recorded sample size. Because measures of variance were rarely reported, sample size was used to weight the analysis, with studies with many replicates given (a) is based on the premise that if AM are important in determining growth under nutrient-limited conditions, on average, species will be less responsive to AM as P availability increases, and nutrient stress gives way to light stress. For any individual species (bold lines), response to AM is stronger at P-poor sites, and average response to AM averaged across all species (dashed line) declines similarly. The second hypothesis (b) proposes that each species undergoes an independent change in the type of resource-limiting growth as P availability changes. Each species shows a stronger positive response to AM in the lowest fertility areas in which it establishes, with response declining as P availability increases (bold lines). However, averaging over all the species found at a site (dashed line), the degree to which species respond to AM does not decline with productivity. As a result of change in species composition along the gradient, at any point there will be at least some species that respond strongly to AM. more weight than those with few replicates. Although replicate number is not usually a good indicator of variability in ecological experiments, in this study it was a reasonable surrogate because of the similarity in experimental design among studies.
Response to AM was calculated as log mycorrhizal response ratio (lnMR). This metric is advantageous because it is symmetrical about zero, and its statistical properties are well known (Hedges, Gurevitch & Curtis 1999) . It is calculated as: lnMR = ln(biomass with AM /biomass without AM) eqn 1
In some papers, a percentage response index (MRI) has already been calculated. This response ratio is calculated as: MRI = [(biomass with AM − biomass without AM)/ biomass with AM] eqn 2 In these cases it was possible to convert from the response ratio to ln(MR), as:
To determine average within-species AM response, we first determined the slope of the relationship between available soil P (as reported in the original source) and response measured as ln(MR). We used standard leastsquares regressions, and calculated this slope for each species that had been grown over a range of P levels. Of these, one species was excluded as it had a fourfold steeper slope than any other species. The average slope and a 95% confidence interval about this slope (n = 46) were then calculated using bootstrapping in  (Rosenberg, Adams & Gurevitch 1997) .
To determine how AM response averaged over many species changed with P availability, biomass response to AM was regressed against P availability (again, as reported in the original source), with each species represented by a single point. When a study assessed AM response over a range of P levels, only response at P level in unmanipulated soil was included in the regression. This excluded higher P levels resulting from fertilizer addition, and lower levels due to addition of sand. Response in unmanipulated soil, rather than the average response, was used to eliminate the potential for differences in treatment to influence AM response. Multiple points for a single species from a single study could not be included for several reasons, including lack of independence, and the potential for the negative response found within a species to impose a negative trend on the regression across species. Because both the dependent (lnMR) and independent (P-level) variables were measured with error, a reduced major-axis regression was used rather than a standard least-squares regression. This was calculated as a constrained nonlinear regression, as described by Nichols (1996) . Although the P levels used may not be precisely representative of the conditions to which each species is adapted, it would require consistent patterns in the direction of deviation relative to P availability to influence testing of the hypothesis. Because of the potential for large data sets to influence the analysis, the regression was performed a second time excluding individual data sets that contributed more than 5% to the original sample. In addition, because different methods of P extraction differ in efficiency of extraction, this reduced data set was further subdivided into studies that used the Olsen and Bray extractions, and regressions were repeated for these subsets. Least-squares regressions were performed in  9 (SPSS 1998), while reduced major-axis regressions were performed in  10·0 (SPSS 2000).
Results
For species-level responses, we first measured the slope of the relationship between biomass response to AM and P level for a single species at a time, then calculated a mean value of these slopes. Slopes were significantly negative on average ( Table 1 ), indicating that, within species, plants respond more positively to AM when P availability is low.
For community-level responses, we calculated biomass response to AM only in unmanipulated soil for each species, and then regressed P level against response to AM across species. In this case, there was a weak but significant negative relationship between P level and AM response (Fig. 2, Table 2 ). When the two large data sets were removed, there was no significant relationship (Table 2 ). Further subdivision of this reduced data set into studies that used the Olsen and Bray extractions also found no significant relationship (Table 2) .
Discussion
For individuals of a single species, declining response to AM fungi as P availability increases has frequently been demonstrated, and is confirmed by our metaanalysis (Table 1) . This finding leads to the assumption that species found in P-rich sites are less likely to depend on AM than species found at low-P sites. For example, Moyersoen, Alexander & Fitter (1998) found that growth of seedlings of Oubanguia alata was enhanced more by AM at low than high P availability, and suggested that AM should, in general, promote seedling growth more in the least fertile parts of the forest. However, as pointed out in Simpson's paradox, it is impossible to assume that the trend observed in the whole (across species) is the same as that observed in subgroups (within species). We hypothesized that along a gradient of P availability where species composition was allowed to change, the mycorrhizal response of the entire community could either decline (Fig. 1a) , or not change (Fig. 1b) .
The results of this study suggest the first hypothesis may be correct: biomass response to AM is more strongly positive in species found at low than high P levels (Table 2; Fig. 2) . However, this relationship breaks down when the reduced data sets are used (Table 2) , suggesting the relationship is not robust. The decline in response to AM as P level increases is weak and extremely variable, and even in relatively Prich sites there are some species that respond positively to the presence of AM fungi.
There are a number of weaknesses with any metaanalysis. In this case, perhaps the most important is differences in methods of P extraction. Methods differ in their efficiency of extraction, and this could contribute noise to the data set. However, when data sets are separated by extraction method, there is no significant relationship between response to AM and P levels ( Table 2) . A further caveat in attempting to extend these results to natural communities is that this approach ignores the potential for mycorrhizas to influence community composition by influencing interspecific interactions. For these reasons, and others, this study should not be viewed as an answer to the question of how the importance of AM changes with P availability. However, it makes an important point relevant to all ecological studies that address how processes are influenced by environmental gradientsany experimental approach taken must allow species composition to change. Almost all experimental tests hold species identity constant, and thus do not adequately test how processes change along environmental gradients, because trends shown in a subgroup of species are not necessarily the same as those shown by the whole community. Future studies should use species representative of natural communities at different points along environmental gradients, rather than using a subset of species and allowing just the environment to change. Relationship between biomass response to AM and soil P concentration at the lowest level to which each species was exposed (full data set). For statistics, see Table  2 ; for data sources, see Appendix. Table 2 . Change in biomass response to AM with P level when averaged across many species, analysed with a reduced major-axis regression N Slope 95% CI lower 95% CI upper All studies 170
All studies that met the criteria described under Methods are included in the full data set; individual data sets that contribute > 5% to the original sample are excluded from the reduced data set. The reduced data set is further subdivided into those that use the Olsen or Bray method of P extraction. For data sources, see Appendix.
south-west Queensland and their effect on growth responses to phosphorus fertilizers by grasses. 
